Objective: To describe the findings on fetal and postnatal magnetic resonance imaging (MRI) in premature infants with twin-twin transfusion syndrome (TTTS) and to determine whether currently used staging systems and other fetal and postnatal factors correlate with brain injury in this population.
Introduction
Twin-twin transfusion syndrome (TTTS) is a serious complication of twin gestation with an incidence of B10% of monochorionic pregnancies. 1 TTTS occurs when unbalanced vascular anastomoses develop within the placenta, causing a discrepancy in the distribution of blood volume between the two fetuses. One twin becomes the 'donor' twin and develops oligohydramnios, and the other becomes the 'recipient' twin and develops polyhydramnios and occasionally cardiac dysfunction. Both fetuses are at risk for brain injury, intrauterine fetal demise and prematurity. The Quintero staging system, based on ultrasound and Doppler findings, has been used for several years and correlates with the risk of perinatal survival 2 and later neurodevelopmental disability. 3 More recently, several groups have attempted to develop scoring systems incorporating cardiovascular features of the recipient twin. 4, 5 There is controversy over whether these newer scoring systems add any prognostic value to Quintero staging. 6 Selective fetoscopic laser photocoagulation (SFLP) of vascular anastomoses has improved survival and outcomes in TTTS as compared with amnioreduction, but rates of neurological injury and neurodevelopment impairment among survivors remain high. 3, [7] [8] [9] [10] [11] Antenatal brain injury in TTTS is thought to be due to alterations in cerebral blood flow, and postnatal brain injury is often due to complications of prematurity. Prior studies of brain injury in TTTS have relied on postnatal ultrasound to determine the rates of neurological injury. However, premature infants can suffer neurological injury during labor and delivery or in the first 24 h after birth, so determining the timing of lesions using even early postnatal ultrasound may not be accurate. In addition, ultrasound is known to have low sensitivity and specificity to detect nonhemorrhagic brain injury in neonates, and does not predict later neurodevelopmental outcomes as well as magnetic resonance imaging (MRI). [12] [13] [14] For these reasons, MRI may be more useful and accurate to determine brain injury in both the fetal and early postnatal periods.
The purpose of this study is to describe findings seen on fetal and postnatal MRI in premature infants with TTTS and to determine the correlation of various factors, including injury seen on fetal MRI and recipient cardiovascular status, with neurological injury seen on MRI at term equivalent age.
Methods
All mothers who received a fetal MRI at the Fetal Care Center of Cincinnati for the evaluation of TTTS and who delivered at least one live twin at a Cincinnati area hospital from October 2009 to March 2011 were approached for participation in the study. The study was approved by the Institutional Review Boards from the three Cincinnati area hospitals from which the patients were recruited. Diagnosis of TTTS was based on sonographic criteria as per standard practice: (1) the presence of monochorionic diamniotic twins, (2) oligohydramnios in the donor twin with the largest vertical pocket <2 cm, (3) polyhydramnios in the recipient twin with the largest vertical pocket >8 cm and (4) exclusion of an alternative diagnosis. The pregnancies were prospectively staged according to the Quintero staging system, 2 along with the Cincinnati modification of the Quintero stage. 4 The Cincinnati modification incorporates the cardiomyopathy of the recipient twin and has been shown to correlate with recipient survival (Table 1) .
Fetal MRI was obtained as part of the standard practice on all patients referred for TTTS and was performed on a 1.5T GE Signa HDx (Waukesha, WI, USA) with a torso-phased array coil without maternal/fetal sedation. Fetal imaging consisted of a single-shot fast spin echo T2-weighted image and gradient echo T1-weighted images. T2 imaging of the fetal brain was performed in axial, coronal and sagittal planes at a slice thickness of 3 to 4 mm and field of view of 30 mm. Postnatal MRI was obtained at term equivalent age (37 to 44 weeks) without sedation using the 'feed and swaddle' method. 15 All postnatal scans were performed on a 1.5T GE Signa HDx using a standard neonatal brain protocol, which consisted of the following sequences: sagittal 3D fast-spoiled gradient-recalled, axial fast-spin echo proton density/T2, axial multiplanar gradient-recalled T2* gradient-recalled echo and 15 direction axial diffusion tensor imaging with average diffusion coefficient and trace maps.
Scoring of MRIs
Fetal MRIs were evaluated by a single radiologist experienced in fetal MRI. Postnatal MRIs were evaluated by two independent radiologists blinded to the gestational age (GA) and clinical course of the infants. A scoring system incorporating white-matter injury, gray-matter injury and hemorrhagic injury was used for scoring both fetal and postnatal MRIs ( Table 2 ). The system was modified from the Woodward et al. 12 scoring system, which has been shown to correlate with neurodevelopment outcome at 2 years of age. Injury was classified as hemorrhagic (including periventricular, intraventricular and cerebellar hemorrhage) or nonhemorrhagic (including white-and gray-matter injury and malformations).
Chart review
After the infants were enrolled in the study, the prenatal chart was reviewed for the following information: Quintero stage at the time of presentation, Cincinnati modification at the time of presentation, donor versus recipient status, type of treatment, GA at treatment, intrauterine fetal demise, GA at delivery, and antenatal steroids. The infant's postnatal chart was reviewed for the following information: birth weight (BW), sex, race, Apgar scores, days of mechanical ventilation, surfactant, culture positive sepsis, proven necrotizing enterocolitis, bronchopulmonary dysplasia and head ultrasound results.
Statistical analysis
Because of the small sample size and non-normal distribution of the data, nonparametric methods were used for all statistical tests conducted. The Spearman's correlation coefficient was used to investigate the association between continuous predictors (for example, Quintero stage, BW) and the continuous outcome variable of postnatal brain injury score (total, hemorrhagic and nonhemorrhagic). The association between potential continuous predictor variables and the dichotomous outcome of brain injury versus no brain injury seen on postnatal MRI was tested using Wilcoxon Rank Sum test (nonparametric equivalent of the t-test). Statistical analysis was performed using SAS (Version 9.2, SAS Institute, Cary, NC, USA).
Results
A total of 22 patients were enrolled in the study from October 2009 to March 2011. Patient demographics are shown in Table 3 . There was no difference in demographic and clinical characteristics between the study patients and those in which consent was not obtained for study participation (n ¼ 9). See Supplementary Table 6 for more detailed information on the 22 enrolled subjects.
Five subjects (23%) demonstrated brain injury on fetal MRI. Three fetuses had unilateral germinal matrix or intraventricular hemorrhages, one had mild unilateral ventricular enlargement, one had enlarged extra-axial spaces and one had borderline ventriculomegaly with increased extra-axial fluid. In addition, three fetuses had prominent cerebral venous sinuses, which was not considered injury.
15/22 patients had some injury seen on postnatal MRI (injury score >0) (Figure 1 ). In all, 12 of these 15 patients had an injury score >1. Injury scores ranged from 0 to 16 (of a maximum possible 32). The types of injuries seen are shown in Table 4 . Given that the Cincinnati modification describes the cardiovascular disease of the recipient but not the donor, we did an analysis to evaluate the donor and recipient twins separately. We found that the brain injury scores of donors and recipients were correlated differently with the Cincinnati and Quintero staging (Table 5) . We also looked at the relationship between the postnatal brain injury score and all other potential predictor variables in donors and recipients separately, and found that BW was the only factor significantly correlated with hemorrhagic injury score in recipients (Spearman's correlation ¼ 0.65, P ¼ 0.02).
Discussion
The main objectives of our study were to describe the patterns of fetal and postnatal brain injury as seen on MRI in a cohort of premature infants with TTTS and to determine clinical predictors of postnatal brain injury. Multiple prior studies have looked at prenatal brain injury in infants with TTTS. Most of these studies exclusively looked at postnatal ultrasound in the first 24 to 48 h of life to describe prenatal brain injury, assuming that lesions seen this early were acquired prenatally. The incidence of brain injury seen on head ultrasound in these studies ranged widely from 6 to 64%, and definitions of brain injury varied. [16] [17] [18] [19] [20] [21] [22] [23] We saw some evidence of brain injury on postnatal MRI in 15/22 (68%) infants in our study, and 12/22 (54%) had injury scores >1 using our scale. Only 4 of the 15 infants had any evidence of brain injury on head ultrasound, which confirms prior studies that MRI is more sensitive and specific than ultrasound, 12,13 especially for whitematter injury.
Only one study has specifically looked at fetal MRI in TTTS. 24 In this study, 12/24 of the donor twins had enlarged cerebral venous sinuses on fetal MRI, and 2/24 had MRI findings of cerebral malformations (one with alobar holoprosencephaly and one with a frontal lobe cortical malformation). In the recipient twins, cerebral ischemia or IVH that was not demonstrated on prenatal ultrasound was noted on the fetal MRI images in 2/24, and cerebral venous sinus enlargement was seen in 3/24. We only rarely saw cerebral venous sinus enlargement on the fetal MRIs (in two donors and one recipient), and did not see this finding on the postnatal MRIs. This finding most likely reflects venous hypertension in the cerebral circulation. Other findings on fetal MRI in our cohort were as follows; enlarged Abbreviation: TTTS, twin-twin transfusion syndrome.
Fetal and postnatal brain MRI in TTTS SL Merhar et al extra-axial spaces, unilateral ventricular dilation and intraventricular hemorrhage (grades I to II). As the fetal MRIs in our cohort were obtained before laser treatment (at a median of 22 weeks gestation), they may not have demonstrated injury acquired between the MRI and birth. One patient had gray-matter heterotopia and polymicrogyria seen on postnatal MRI but had a normal fetal MRI. Polymicrogyria is thought to occur during or after the neuronal migration period. 25 It has been described before in case reports of infants with TTTS, [26] [27] [28] and in the infant in our study it may have been due to a vascular insult that occurred after the fetal MRI, performed at about 20 weeks in this patient.
Multiple types of brain injury have been described in infants with TTTS. The most common types seen are germinal matrix/ intraventricular hemorrhage and white-matter injury. [16] [17] [18] 23, 29 Germinal matrix hemorrhage/IVH is due to bleeding from the germinal matrix, a highly cellularized and vascular region present from B10 to 32 weeks of gestation. 30 The hemodynamic disturbances in fetuses with TTTS leading to bleeding from the thin-walled vessels within the germinal matrix could explain the high incidence (7/22) seen in our cohort of patients. Only three of the seven patients who eventually developed germinal matrix hemorrhage/IVH had evidence on fetal MRI, so some of the patients almost certainly developed this complication perinatally or postnatally, and it may have been related to prematurity rather than TTTS. White-matter injury, both cystic and diffuse, has also frequently been described in infants with TTTS. [16] [17] [18] 23, 29 The preterm brain responds to inflammation and ischemia by preoligodendrocyte necrosis or apoptosis and reactive astrocytosis, which are thought to lead to later myelination deficits. 31 Also, the disturbed blood flow in fetuses with TTTS could explain the whitematter injury, ranging from mild white-matter volume loss to periventricular leukomalacia, in 7 of the 22 babies in our study cohort. Cerebellar hemorrhage has not been described previously in infants with TTTS. It is estimated that 2 to 20% of very low BW infants suffer cerebellar hemorrhage, [32] [33] [34] [35] which is better seen on MRI than on ultrasound. 34, 35 Cerebellar injury has been related to poor neurodevelopment outcomes in former preterm infants. 34, 36 The mechanism of injury is thought to be similar to the pathogenesis of IVH, so it is not surprising that 2/22 infants in our study showed evidence of cerebellar injury on postnatal MRI.
We evaluated two infants whose co-twins died after laser surgery. One infant, born at 35 weeks, had no brain injury. The other, born at 32 weeks, had intraventricular hemorrhage bilaterally, as well as bilateral cerebellar hemisphere ischemic injury. Multiple reports of brain injury after co-twin demise exist in the literature. 8, 27, [37] [38] [39] [40] The surviving twin is thought to exsanguinate into the dead co-twin, leading to hypoxic brain injury in the survivor, which may manifest as polymicrogyria, hemorrhage, ventriculomegaly or delayed sulcation. The selective fetoscopic laser photocoagulation procedure should protect the surviving twin by eliminating the vascular anastomoses in the placenta, but some anastomoses remain that may allow for transfer of blood volume into the low resistance circulation of the expired fetus.
In our statistical analysis, we found that the Quintero stage at presentation was the only statistically significant predictor for total brain injury score. The Quintero staging system was initially developed to describe the severity of TTTS, and worsening Quintero stage over time appears to be associated with poorer outcomes. 41 When evaluating donors and recipients separately, we found that the Cincinnati modification better predicted hemorrhagic injury in recipients while the Quintero score better predicted hemorrhagic injury in donors. Neither staging system was well-correlated with the nonhemorrhagic injury score. It is unclear why hemorrhagic injury was better correlated with the staging systems, but we hypothesize that the vascular changes in TTTS as both Quintero and Cincinnati stages increase may contribute more to germinal matrix bleeding than to hypoxia-ischemia leading to white-matter injury. The Cincinnati modification better captures the vascular changes of the recipient twin, while the disease state of the donor twin is better described by the Quintero stage.
The strengths of our study include its prospective nature, allowing for a predetermined protocol for the fetal and postnatal MRI scans. However, only babies who survived to neonatal intensive care unit discharge were included, which may have introduced selection bias. Given the timing of the fetal and postnatal scans, it is difficult to truly know what brain injury was antenatal (and thus TTTS related) and which injury was postnatal (and therefore potentially prematurity related). In addition, we were unable to include a control group, although it is difficult to determine an appropriate control group for this cohort of infants. The small sample size limited our statistical analysis, as we found some trends that were not significant at the P ¼ 0.05 level. In conclusion, TTTS is associated with a high risk of brain injury in survivors, and the incidence and severity of injury is related to the Quintero stage. Neonatologists should be aware of the high risk of brain injury and neurodevelopment disability in survivors of TTTS, regardless of GA at birth. These infants should receive at the minimum head ultrasound and close developmental follow up, with MRI at term equivalent age as the preferred method of imaging. Fetal MRI is an important adjunct to look at prenatal injury, but MRI should be repeated postnatally, as injury can occur before and after laser surgery as well as after birth.
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